ABSTRACT One of the key characteristics in ultra-dense small cell networks (UDNs) is the advent of idle cells which have no associated user equipment (UE). Indeed, idle cells always transmit the cell-specific reference signal (CRS), while they do not transmit data signals. In this paper, we focus on providing a theoretical analysis on the effect of idle cells in terms of the aggregate interference and signal-to-interference ratio (SIR). First, we investigate how idle cells affect the CRS interference (i.e., aggregate interference at the CRS) and data interference (i.e., aggregate interference at the data signals). Specifically, we derive the statistical distribution for the ratio of CRS interference to data interference. Second, by using the Kolmogorov-Smirnov statistic, we qualitatively measure the amount of SIR mismatch between CRS SIR and data SIR caused by idle cells in the UDN. In the numerical results, we show that CRS interference becomes larger than data interference with cell densification. We also illustrate that the SIR mismatch between CRS SIR and data SIR becomes severe, as base station (BS)-to-UE density ratio increases (i.e., idle BS ratio increases). Moreover, we can confirm that the SIR mismatch in indoor environment is weaker than outdoor owing to the multiple penetration losses such as outer walls and inner walls.
I. INTRODUCTION
It has been forecasted from both industry and academy that the era of 'ultra-dense small cell networks (UDN)' will arrive after 2020 [1] - [6] . In UDN, the massive number of such various cells will be deployed horizontally and vertically [2] . By 2020, 40 % of small cells is expected to be deployed in hyper-dense (ultra-dense) scenarios (i.e., over 150 small cells per square km) [7] . Specifically, it is anticipated that the spatial density of small base station (BS) is higher than that of user equipment (UE) [2] , [2] , [8] - [10] .
Above all, one of the key features in UDN is the advent of 'idle small cell', which has no associated UE in its coverage [2] , [8] , [11] , [12] . These BSs always transmit reference signals such as cell-specific reference signal (CRS) in order to support cell search and selection procedure in longterm evolution (LTE)/LTE-Advanced (LTE-A) frameworks [1] , [11] . However, they do not transmit data signals due to the absence of serving UE [11] , [13] . What changes will these bring about?
Idle small cells will cause unbalanced interference between data resource element (RE) and CRS RE. Specifically, they affect the interference to the RE colliding with their CRS REs, while they do not influence the other REs. From the user side, an adjacent idle small cells bring about the signal to interference and noise ratio (SINR) mismatch between the measured CRS and data signals. This eventually causes underestimation of the modulation and coding scheme (MCS), leading to a lower spectral efficiency than would occur in the case of wellmatched channel quality indicator (CQI) reporting [1] .
There have been a few related works regarding idle small cells [1] , [9] , [11] , [14] . In [9] , Lopez-Perez et al. showed that these idle small cells can degrade the UE SINR with increasing small BS density by using the system-level simulation. In [14] , Lee et al. demonstrated that the ratio of idle small cells, called empty small cells, increases with cell densification and also revealed that these cells eventually degrade the cell throughput. It was addressed from the Qualcomm's white paper [11] that idle small cells cause pilot (reference signal) pollution. In our previous work in [1] , we showed that idle small cells cause the signal to interference ratio (SIR) mismatch between CRS SIR and data SIR through the comparison of their cumulative distribution function (CDF). Specifically, our prior work [1] focused on proposing a simple and distributed link adaptation method for mitigating this SIR mismatch.
The previous works in [1] , [9] , [11] , and [14] have the following limitations. First, the conventional works only showed empirical results without the theoretical analysis on the effect of idle cells [9] , [11] , [14] . The obtained results, thus, could be single-sided and subject to the specific scenarios. Second, our prior work [1] did not provide a qualitative analysis on how much discrepancy between CRS SIR and data SIR occurs according to BS density or resource utilization (cell loading). Third, the previous works [1] , [9] , [11] , [14] did not investigate the interference effect of idle small cells in terms of the aggregate interference at the CRS (CRS interference) and that at the data signals (data interference). However, we have recently found a clue to analyze the interference effect from idle cells in UDN.
Therefore, this paper is more focused on providing a qualitative analysis on the effect of idle small cells in UDN from the SIR and aggregate interference perspectives. The unique contributions of this paper can be summarized as follows:
• From the interference perspective, we investigate how CRS interference deviates from data interference in UDN. For this, we define the ratio of CRS interference to data interference and derive its statistical distribution.
• From the SIR standpoint, we identify how much SIR mismatch between CRS and data signals occurs. With the aid of Kolmogorov-Smirnov statistic, we demonstrate the trend of this mismatch according to cell densification and resource utilization. Also, we provide the insight into which values of BS density and resource utilization satisfy the pre-determined SIR mismatch. Furthermore, we show that SIR mismatch also happens in the indoor small cell deployment by using the urban dual-stripe indoor model.
II. SYSTEM MODEL
We consider downlink LTE networks, where small cells and UEs are placed on a Euclidean two-dimensional plane [1] , as depicted in Fig. 1 . These cells perform radio resource management in a distributed manner which is uncoordinated with and independent of the nearby macro or small cells [5] . Let us denote the sets of the small BS and UE to be S and U with spatial density λ S and λ U , respectively. For the sake of notational simplicity, we denote 'small BS' and 'small cell' as 'BS' and 'cell', respectively. Moreover, each UE is served by a BS with a high reference signal received power (RSRP). Each BS may have more than one UE in its cell and the BS will arbitrarily choose one UE to serve at each resource block (RB) [15] .
As depicted in Fig. 1 , an idle BS without any associated UE always transmits control and reference signals (e.g., PSS/SSS/CRS in LTE). 1 We denote I as the set of idle BSs. On the other hand, a busy BS having one or more 1 In LTE Release 12, there are six types of downlink reference signals, including the CRS, demodulation reference signal (DMRS), and CSI reference signal (CSI-RS). In this paper, we assume that all BSs transmit CRS to support legacy UEs with CRS-based CQI measurement [13] . UEs transmits all signals such as data, control, or reference signals. We denote B as the set of busy BSs. Note that B ∪ I = S and B ∩ I = ∅. In addition, we assume that all BSs and UEs are equipped with a single antenna [16] .
We take non-full traffic models into account, where each BS randomly allocates its RB to the UE according to the resource utilization ρ. The resource utilization ρ is defined as the ratio of used RBs for transmission to total RBs for busy BSs, which indicates the traffic status in the active BS [17] . Note that ρ = 1 denotes full traffic environment.
Let us investigate the various interference patterns under LTE frameworks. According to the CRS pattern across cells in Fig. 2 , the CRS of a neighboring cell having the same CRS frequency shift could collide with the CRS of the desired cell; this is referred to as CRS-to-CRS (C-C) interference [1] . On the other hand, the CRS of a neighboring cell having a different CRS frequency shift does not collide with the CRS of the desired cell while it is colliding with data signals; this is called CRS-to-data (C-D) interference [1] , [13] , [18] . Similarly, the interference from the data RE to CRS RE and data RE are denoted as data-to-CRS (D-C) interference and data-to-data (D-D) interference, respectively. With regard to CRS assignment, we consider an exclusive CRS assignment [1] , [19] , where the neighboring BSs use different CRS patterns. For this, centralized or distributed methods can be used.
A. BS DEPLOYMENT SCENARIOS
In this paper, we consider two deployment scenarios: indoor and outdoor scenarios [1] . For indoor scenario, we focus on low-powered indoor small cells like femto cells deployed by individual users or enterprise in indoor building [2] , [20] . Fig. 1(a) shows the indoor model used in this paper where a collection of rectangular building blocks is randomly dropped in a two-dimensional region. In this model, BSs and UEs are uniformly distributed inside the buildings with density λ S and λ U , respectively.
For outdoor scenario, we consider outdoor small cells like pico cells installed by mobile operators. We assume that the BSs and UEs are uniformly distributed in the all the region. For this, we utilize a Poisson point process (PPP)-based framework in order to model the spatial distributions of BSs and UEs as in the previous works [21] - [23] . In this paper, we will focus on the PPP-based location modeling, since this modeling shows the similar performance trend with the realistic deployment and provides lower-bound performance trend, while providing a mathematical tractability [22] , [23] . By using the realistic deployment methodologies in [9] and [24] , we can easily extend our results.
B. RECEIVED SIR EXPRESSIONS
Let us choose a typical UE, the o-th UE, in U and its associated BS, the o-th BS, in S . For some RB of a typical UE, let us denote B as the set of busy BSs with data traffic at the RB. In that RB, certain RE (denoted by a) can be affected by the interference from the CRS and data REs of other BSs. Let us denote For the typical UE, the received CRS SIR is given by
where c is an element of CRS RE set C RE ; r j is the Euclidean distance from the j-th BS to the typical UE; P is the transmit power of the BS; h c,j is the channel state information (CSI) on CRS RE from the desired BS and the j-th BS to the typical UE; l(r j ) is the pathloss with distance r j in the power scale according to the propagation environments; D are the sets of the interfering BSs which impose C-C interference and D-C interference on c CRS RE, respectively. In this paper, we ignore the effect of the transmitted signals under the assumption of unit power, and also neglect noise power since UDN is under the interference-limited regime [22] , [23] .
In a similar way, the received data SIR can be expressed as
where d is an element of data RE set D RE ; For the small-scale fading h c,j and h d,j in (1) and (2), Rician fading model for LOS propagation is used with K-factor K = 15 dB when BS and UE are located in the same room [25] ; while Rayleigh fading is used with complex Gaussian random variable CN (0, 1) when BS and UE are placed either in the different room or in outdoor regions [16] , [22] .
III. ANALYSIS OF INTERFERENCE EFFECT FROM IDLE CELLS IN UDN
In this section, we will theoretically examine the effect of interference from idle cells in terms of SIR mismatch for outdoor small cell scenarios. Let us define µ B = 1− ξ ξ +λ U /λ S ξ as the busy BS ratio which is the ratio of the number of busy BSs to the total number of BSs, where ξ = 3.5 is a constant related to the Poisson-Voronoi cell size through data fitting [1] , [2] . Note that µ B is a decreasing function of λ S /λ U . Similarly, we denote µ I = 1 − µ B as the idle BS ratio, which is the fraction of idle BSs to total BSs. First, we investigate the aggregate interference at the data RE and CRS RE and analyze the ratio of them. For this, with the help of (1), let us define the aggregate interference at the CRS RE as a CRS interference. The CRS interference at c ∈ C RE can be given as
In a similar way, we can define the aggregate interference at the data RE as a data interference. As for the data RE, we can classify it into the data RE with CRS symbols (d ∈ D 
Moreover, the data interference without CRS symbols at
RE can be obtained as
Let us compare the CRS interference and data interference in (3), (4), and (5). From (3) and (4), CRS interference I c and data interference with CRS symbols I
RE have the same statistical characteristics, since the CRS RE and the data RE with CRS symbols (e.g., data REs in the 4-th, 7-th, and 11-th symbols) are influenced by the statistically same interference, i.e., the interference density of them is the same. This will be validated in the later section.
On the other hand, the data interference without CRS symbols I
RE has different characteristics with I c and I (5), let us define the CRS interference-to-data interference ratio (CDR), denoted by , as follows
If is larger than 1 (0 dB), it means that the CRS interference is larger than data interference, and vice versa. For the value of , either greater than 1 or less than 1 is not preferable in the cellular systems, since the MCS level decided by CRS does not properly capture the over-the-air link quality of data signals. Thus, = 0 dB is desirable. In this paper, we will derive the statistical distribution of and then investigate its trend according to the occurrence of idle BS. The following theorem shows the analytical expression for the CDF of .
Proposition 1 (Exact expression for the CDF of CDR
The CDF of can be written as
where κ is the CDR threshold; f I Proof: See Appendix A. The expression in (7) needs three integrations to obtain the CDR value, so it is hard to obtain useful insight from (7). Thus, for extracting meaningful clue from the expression, let us consider the following theorem.
Theorem 1 (Approximated expression for the CDF of CDR Pr[ < κ]): When the pathloss exponent α is 4 in the outdoor scenario, the CDF of can be approximated as 2
where tan −1 (·) is the inverse tangent function; ρ is the resource utilization of each cell; and µ B is the busy BS ratio.
Proof: See Appendix B. For a given CDR threshold κ, as ρ decreases or µ B decreases, the CDF of Pr[ < κ] decreases. This means that, as the resource utilization of each cell µ B decreases or the idle BS ratio µ I increases, the CRS interference becomes more larger than the data interference. To be specific, since µ I is increasing function of λ S /λ U , we can observe that the CRS interference is larger than the data interference in UDN environment.
In contrast, let us consider the sparse BS environment that the BS density is very small compared with the UE density with full traffic environment (i.e., λ S /λ U ≈ 0). For an arbitrarily chosen κ > 1, the CDF of become Pr[ < κ] = 1, since µ B is nearly unity and the argument of arctangent function approaches to infinity. This means that, in the sparse BS density regime, the CRS interference is the same with the data interference.
IV. ANALYSIS OF SIR MISMATCH FROM IDLE CELLS IN UDN
We will investigate how CRS SIR and data SIR are different each other in UDN. For this, we will briefly review the CDF of CRS SIR and data SIR, which were derived from [1] , and then compare them from the statistical viewpoint.
A. CDF OF CRS SIR AND DATA SIR
Let us consider the following Lemma and then revisit the expressions for the CDF of CRS SIR and data SIR [1] .
Lemma 1 (SIR CDF of the Typical UE):
The SIR CDF of the typical UE for a given SIR threshold T in the outdoor scenario is given by [1] I is the set of interfering BSs with density pλ S ; p is the thinning ratio (i.e., the distribution of interfering BSs I is a process of S independently thinned by the thinning ratio p with spatial density pλ S ); and (10) where 2 F 1 (a, b; c; z) is a Gaussian hypergeometric function defined by the power series, where 2 
n! , (q) n is the Pochhammer symbol, and m! is the m factorial. For the special case of α = 4, K (x, α) can be rewritten as K (x, 4) = [12] . Proof: For the proof, please see Appendix A of [1] , [27] , and [28] .
As handled in [1] , the interfering BS density for the CRS is ρµ B as the thinning ratio for the CRS SIR [1] .
From (9), the CDF of the CRS SIR c , denoted as Pr[ c < T ], can be obtained as [1] 
As said earlier, data signals consist of data signals with and without CRS symbols. By using (2), (5), and (4), the data SIR
RE can be re-expressed as
Similarly, the data SIR at
RE can be re-written as
In particular, for the data REs with CRS symbols
RE ), the interference density can be ( 1 6 + 5 6 ρµ B )λ S , since since the C-D interference is produced when the CRS interferes with the data with a probability of 1/6 and its density becomes 1 6 λ S and the D-D interference comes from the busy BS under the resource utilization ρ with a probability of 5/6. Thus, the thinning ratio of data REs with CRS symbols is the same with that of CRS p c . The SIR CDF can then be
On the other hand, for the data REs without CRS symbols
RE comes from the busy BSs with data traffic. We denote p d = ρµ B as the thinning ratio for the SIR of data REs without CRS symbols. The SIR CDF of data signals can then be
With the help of the mixture distribution, the SIR CDF of the total data REs d ∈ D RE is given as [1] , [29] 
where ω 1 and ω 2 are the fraction of data REs without and with CRS symbols among the total data REs. Under the 10 MHz in LTE/LTE-A system, ω 1 = 388 513 and ω 2 = 125 513 , since there are 4656 data REs which are free from C-D interference and 1500 data REs which are not free from C-D interference among the total 6156 data REs, considering the occupation of PSS and SSS [13] .
So far, we reviewed the CDF expressions for CRS and data signals in (11) and (14) , which were obtained in [1] . It has been known from [1] that the SIR CDF expressions of them definitely differs and also the discrepancy between them widens with cell densification. However, from the SIR CDF formulas, it is hard to gain the insights on how much SIR mismatch occurs quantitatively or which mismatch is more critical between CRS and data signals and between data signals with and without CRS symbols. In this paper, thus, we will handle these issues in the following.
B. SIR MISMATCH BETWEEN CRS SIR AND DATA SIR
By using the given SIR distributions of CRS and data signals, we will investigate how much mismatch occurs between CRS SIR and data SIR from a statistical standpoint. Statistics VOLUME 6, 2018 offer many metrics that can be used to measure the proximity or distance between distributions such as the KolmogorovSmirnov (K-S) test, the Anderson-Darling test, and the Kullback-Leibler Divergence [30] . Among these, we will employ the K-S statistic, which is a commonly accepted goodness-of-fit test.
The K-S statistic between the CRS SIR and data SIR can be written as
where F c (T ) and F d (T ) are the SIR CDF for the CRS in (11) and data signals in (14) for a given SIR threshold T , respectively. Note that a higher K-S statistic means a larger SIR mismatch between the CRS and data signals, and vice versa.
In (15), D( c , d ) can be obtained by plugging (11) and (14) into F c (T ) and F d (T ), respectively, as follows,
where q 1 = ρµ B and q 2 = (15) . From these results, there exists a maximum point of h(T ) in (0, ∞). By using a brute-force search method, we can obtain the K-S statistics in (16) [31] .
In order to obtain more tractable expression of K-S statistic, let us consider the following theorem.
Theorem 2 (K-S Statistic Between CRS SIR and Data SIR):
When the pathloss exponent α is 4 in the outdoor scenario, the K-S statistic (16) can be solved as
Proof: For α = 4, by using the expression
Also, by replacing X =
For simplicity, let us define the argument of (19) as follows:
Now, the finding of D( c , d ) is equivalently changed into finding the maximum value of h(X ) in (20) for X ≥ 0. The first derivative of h(X ) can be written as
After simple manipulation, we can find only a single solution for h (X ) = 0, which is given by X * =
. In order to verify whether h(X ) has its maximum at X * , we must validate the fact that the second derivative of h(X ) at
, is less than 0. The second derivative of h(X ) can be derived as
After some algebraic manipulation, h (
Since q 2 = p c = . By substituting
we can obtain the K-S statistic in (17) .
In order to investigate the effect of λ S /λ U and ρ on the K-S statistic of (17) 
From (17),
can be obtained as 
From (24), (25) , and (26), it is noted that ∂D CD ∂r > 0. This means that, as BS-to-UE density ratio λ S /λ U increases, the K-S statistic between CRS SIR and data SIR also increases, i.e., the SIR mismatch becomes severe.
Let us handle the derivative of D CD with respect to ρ as follows
From (27), we can confirm that the K-S statistic of (17) is a decreasing function of resource utilization ρ.
In this way, we can obtain the closed-form expressions for
∂D CD ∂ρ in (24) and (27) . The analytical expressions deliver the increasing rate of the SIR mismatch with increasing r and ρ. It is ensured from these results that the SIR mismatch between CRS and data signals becomes enlarged, either when the BS-to-UE density ratio r increases or traffic demand of each cell ρ decreases. Conversely, from (17) , as ρµ B goes to 1, D( c , d ) approaches to zero. This indicates that there is no SIR mismatch between CRS SIR and data SIR, when all BSs are busy BSs with the full traffic buffer.
C. SIR MISMATCH BETWEEN DATA SIR WITH AND WITHOUT CRS SYMBOLS
Let us turn our attention into analyzing the SIR CDF mismatch between data signals with and without CRS symbols. As depicted in Fig. 2 , they are faced with different interference characteristics. As demonstrated in [1] , data signals with CRS symbols are afflicted with interference from CRS, which is always transmitted from idle or busy BSs. In contrast, data signals without CRS symbols are only affected by interference from data signals, which can be absent when there is no serving UE (i.e., idle cell) or the corresponding resource is not used for transmission (i.e., non full traffic environment).
In this paper, we will analyze the SIR mismatch between data SIR with and without CRS symbols from the statistical point of view. The K-S statistics between data SIR with CRS symbols 
Corollary 1 (K-S Statistic Between Data SIR With and Without CRS Symbols):
When the pathloss exponent α is 4 in the outdoor scenario, the K-S statistic between data SIR with and without CRS symbols can be written as
Proof: Similar to the proof procedure in Theorem 2, we can easily derive (30) .
In a similar approach to
) and obtain its derivative with respect to r = λ S /λ U and ρ. Similar to (24) , the partial derivative of D DD with respect to r can be given by
where
Moreover, we can obtain the partial derivative of D DD with respect to ρ as follows
From (31), (32), and (26) (33) is negative. These results show that, as the resource utilization ρ decreases or the BS-to-UE density ratio r increases, the SIR mismatch between data SIR with and without CRS symbols becomes severe. In contrast, as ρµ B approaches to unity, D( (30) becomes zero. This can be interpreted that sparse BS network with full traffic demand has no SIR mismatch between data signals with and without CRS symbols.
In summary, we analyzed the CDF of CDR and also derived the K-S statistics between CRS and data signals as well as between data signals with and without CRS symbols. From the interference perspective, we were able to discover that CRS interference becomes larger than data interference with cell densification. From the SIR mismatch standpoint, we confirmed the fact that there exists the SIR mismatch at UDN. Furthermore, with the help of K-S statistics and their derivatives, we could measure the increasing rate of SIR mismatch with respect to BS-to-UE density ratio and resource utilization.
V. NUMERICAL RESULTS
We considered two simulation scenarios in downlink UDN under LTE frameworks: outdoor environment and indoor environment [1] . For outdoor scenario, we utilized PPP framework for BS and UE deployment, which has been widely used in this literature [1] , [2] , [8] , [9] , [12] , [22] , [26] . For indoor one, we exploited dual-stripe apartment block model for dense urban city, which was certified by 3GPP standard [1] , [11] , [32] . As shown in Fig. 3 , each apartment block is size of 50 m × 50 m and consists of two buildings (north and south). Also, there is a horizontal street between the them with width of 10 m. For each building, there are 10 apartment units in two rows of five. Each apartment is size of 10 m x 10 m (i.e., approximately 1076 sq. ft.). To avoid the overlap between apartment blocks, we consider a square grid with distance 60 m, as in Qualcomm's indoor model [33] . Among the points of square grid, we randomly select the apartment block position with spatial density λ in B . In addition, we reflected the impact of penetration loss from multiple walls and obstructed line-of-sight (LoS) in the pathloss model [32] .
Furthermore, we considered a wide range of BS densities such as the current not-so-dense BS deployment (λ S /λ U ≤ 0.1), 3 dense BS deployment (0.1 ≤ λ S /λ U ≤ 1), and ultra-dense BS deployment (λ S /λ U ≥ 1). 4 For UE deployment, we assumed 300 active UEs per square km, which was usually considered in dense urban scenario such as Manhattan [9] . Simulation frameworks are based on LTE/LTE-A frameworks.
Moreover, in order to reflect the time-varying and frequency selective characteristics of a mobile fading channel, we employed a Jakes' time-varying channel model [36] and 3GPP certified multi-path propagation models such as the extended pedestrian-A (EPA) [37] , [38] . Table 1 shows the detailed parameters used in this paper, which is composed of common parameters, indoor-specific ones, and outdoorspecific ones [1] . 3 In the industry and academia, it is currently expected that the density ratio of femto cells to active users is on the order of about one-tenth (e.g., 1/32 ∼ 1/8 in [34] ). In this paper, we choose λ S /λ U to be 0.1, approximately reflecting this femto cell deployment. 4 In the previous related works, UDN is defined as networks where the BS density is fairly large and larger than the UE density [2] , [8] , [12] , [35] Fig. 3 shows the example of BS and UE deployments, when UE density λ U = 300, BS density λ S = 60 [1] . The circle and dot indicate the BS and UE locations, respectively. Fig. 3(a) depicts the deployment example for outdoor scenario. We can confirm that BS and UE are randomly located in 2-dimensional areas. Fig. 3(b) illustrates the dense urban dual-stripe apartment block model in indoor scenario, when the apartment block density λ in B = 60. It is seen that BS and UE are randomly placed inside the buildings. RE have the same interference density statistically, as seen in (3) and (4) .
In addition, for low BS density region (e.g., λ S /λ U = 0.1), CRS interference I c and data interference without CRS symbols I Fig . 5 shows the CDF of CDR Pr[ < κ] for varying CDR threshold κ, when BS-to-UE density ratio λ S /λ U = 0.1 ∼ 3 and full traffic are assumed for outdoor environment (Fig. 5(a) ) and indoor one (Fig. 5(b) ). Fig. 5(a) compares the simulated and analytical result in Theorem 1. We can see that, as λ S /λ U increases, the CDF of CDR moves to the right. This means that the CRS interference I c becomes more larger than the data interference I (f) d with cell densification. The reasons for this trend are as follows: 1) as BS density increases, the fraction of idle BSs increases; 2) idle BSs transmit CRS without data transmission; and 3) the interference from idle BSs more increases CRS interference than data interference. Moreover, it is seen that the analytical expression in Theorem 1 well matches the simulation result. Fig. 5(b) illustrates the CDF of CDR Pr[ < κ] in indoor environment. We can see the similar CDR trend with the outdoor one. The different thing is that the overall CDF of CDR for indoor one lies to the left of that or outdoor one, which implies that the mismatch between CRS interference and data interference in outdoor one is more severe than indoor one. In short, from the results in Fig. 5 , we can notice that cell densification causes the mismatch between CRS interference and data interference. Fig. 6 demonstrates the contour graph of the complementary CDF (CCDF) of CDR Pr[ > κ] as a percentage (%) with respect to BS-to-UE density ratio λ S /λ U and resource utilization ρ for outdoor (Fig. 6(a) ) and indoor environments ( Fig. 6(b) ), when the CDR threshold κ = 3 dB is assumed. The CCDF of CDR Pr[ > κ] can be interpreted as the ratio of UEs whose total interference at the CRS REs is κ times larger than that at the data REs without CRS symbols. In the results, as the background color becomes darker, Pr[ > κ] increases. For both outdoor and indoor cases, as resource utilization ρ decreases or BS density increases, the CCDF of CDR increases. In particular, in the low traffic region (low ρ), the interference mismatch becomes enlarged. This can be explained by the fact that 1) as ρ decreases, the ratio of blank RBs with no data signal other than a CRS increases; 2) an argument of the interference mismatch caused by idle cells can be applied to the blank RBs.
Let us compare the CCDF of CDR between the outdoor and indoor environments from Fig. 5 and Fig. 6 . From the result of Fig. 5 , we can observe that the CCDF of CDR Pr[ > κ] for indoor environment is less than outdoor one. Moreover, it is shown from Fig. 6 that the white region for indoor one is larger than for outdoor one. These results state us that the mismatch between CRS interference and data interference is larger at outdoor environment than indoor environment. This is because the penetration loss due to outer walls and inner walls diminishes the effect of inter-cell interference in indoor environment, while there is no such loss in outdoor one.
B. SIR MISMATCH
In Fig. 7 , we provide the K-S statistics between CRS and data signals D( c , d ) for a varying BS-to-UE density ratio λ S /λ U , when different resource utilizations ρ = 0.5, 0.8, 1 are assumed for outdoor ( Fig. 7(a) ) and indoor ( Fig. 7(b) ) cases. For the outdoor case, it was revealed from [1] that the SIR mismatch between CRS and data signals becomes larger with cell densification. The result in Fig. 7(a) validates this fact by using the K-S statistic D( c , d ) . Going one step further, we can see that, as λ S /λ U increases or ρ decreases, the K-S statistics increase and the SIR mismatch becomes severe, which can be verified from ∂D CD ∂r > 0 and (24) and (27) , respectively. In those regards, the SIR mismatch between CRS and data signals is becoming a critical issue in UDN. Moreover, the simulated K-S statistics well match the analytical expressions Theorem 2. Fig. 7(b) shows the K-S statistic D( c , d ) for indoor environment. The overall trend for indoor one is similar to outdoor one. However, we can find out the different point that D( c , d ) for outdoor one is larger than indoor one. This is because the penetration loss in indoor one weakens the interference effect between BSs. Fig. 9 shows the 3-dimensional surface of analytical
d ) with respect to the BS-to-UE density ratio λ S /λ U and resource utilization ρ for outdoor environment. As addressed in the previous results, as λ S /λ U increases or ρ decreases, the K-S statistics increase. and
) with respect to the BS-to-UE density ratio λ S /λ U and resource utilization ρ.
We note that D( Fig. 9 (), we define feasible set of
The white region in the result stands for F DD , when D th = 0.05. By comparing the result in Fig. 9(b) , the size of F DD is smaller than F CD , since the SIR mismatch between CRS and data signals D( c , d ) is less than that between data signals with and without CRS symbols D(
In this way, we can obtain clues about which values of λ S /λ U and ρ meet the specific level of SIR mismatch. ) with respect to BS-to-UE density ratio λ S /λ U and resource utilization ρ.
VI. CONCLUSIONS
We analyzed the effect of idle cells on the aggregate interference and CRS and data SIR in UDN. To be specific, we derived the closed-expressions for the CDF of the ratio of CRS interference to data interference, called CDR. Also, we obtained K-S statistics between CRS SIR and data SIR as well as data SIR with and without CRS symbols in outdoor environment. Through these expressions, we present the following useful insights in UDN. At first, from the interference perspective, we discovered that idle cells make CRS interference larger than data interference with cell densification. Moreover, from the SIR standpoint, it was theoretically confirmed that the CDF mismatch between CRS SIR and data SIR is widen, as BS-to-UE density ratio increases (i.e., the fraction of idle cells increases) or resource utilization (i.e., cell loading) decreases. Furthermore, by using the concept of feasible region, we could notice the possible ranges of BS-to-UE density ratio and resource utilization in which the amount of SIR mismatch is below the pre-determined level. Besides, it is noted that the SIR mismatch between data signals with and without CRS symbols is larger than between CRS and data signals. In addition, we identified that the SIR mismatch in indoor environment is weaker than outdoor one due to the multiple penetration losses.
On the basis of this paper, there will be several research topics as follows: a new scheme to mitigate the SIR mismatch, combination with BS sleeping modes, and consideration of multiple antennas. We will leave these topics for now as subjects for future works.
APPENDIX A PROOF OF PROPOSITION 1
In this paper, we denote I c = I c − I 
and
In general, for a given PDF f I (t) and its Laplace transform F I (s), the Laplace transform of aggregate interference I can be obtained as follows [23] , [39] :
where L(·) is the Laplace transform operator. Since our focus is the ratio of interference terms in (35) and (36), we ignore the terms of transmit power P and pathloss at 1 m β and then obtain the Laplace transform of them as follows [12] , [27] F I c (s) = exp −2π p c λ S s 2/α K s −1/α r, α
where K (x, α) = In general, the relation between some PDF f I (t) and its Laplace transform F I (s) can be given as [40] f I (t) = L 
Let us assume that we can obtain the PDF of I c and I d by using the relationship of Laplace transform pair as follows:
where L −1 {·} is the operator of inverse Laplace transform [40] . By using the expression for PDF of ratio of two random variables, we can obtain the PDF of = 
From [1] , the PDF of desired link distance r can be given as f (r) = 2π rλ S e −πλ S r 2 . By using (43), the marginal PDF of can be given as 
APPENDIX B PROOF OF THEOREM 1
The logical flow of this proof is the same with the Appendix A. In order to obtain the tractable expression of (45), we have assumed that r ≈ 0 and pathloss exponent α = 4. r ≈ 0 means that the range of integration for aggregate interference is changed from r to infinity to zero to infinity, while α = 4 better fits the fading environment of non-LOS in outdoor scenario. Under these assumptions, by using the relation K (0, α) = π α csc(2π/α) [12] , the Laplace transform of I c and I 
